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Osthole prevents tamoxifen-induced liver injury in mice
Wen-bo Zhou1, Xin-xin Zhang1, Yun Cai1, Wu Sun1 and Hao Li1

Tamoxifen (TMX) is an antiestrogen drug that is used in the treatment and prevention of all stages of estrogen-dependent breast
cancer. Adverse effects of TMX include hepatotoxicity. In this study, we investigated the therapeutic effects of osthole, isolated from
medicinal plants especially Fructus Cnidii, on TMX-induced acute liver injury in mice. Mice were injected with osthole (100mg/kg, ip)
or vehicle, followed by TMX (90mg/kg, ip) 24 h later. We showed that a single injection of TMX-induced liver injury and oxidative
stress. Pretreatment with osthole attenuated TMX-induced liver injury evidenced by dose-dependent reduction of serum alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) activities. Pretreatment with osthole also blunted TMX-induced
oxidative stress, evidenced by significant increase of reduced glutathione (GSH) as well as reduction of malondialdehyde (MDA) and
hydrogen peroxide (H2O2). Consistently, osthole significantly enhanced the expressions of antioxidant genes (GPX1, SOD2, GCL-c,
and G6pdh), but suppressed those of pro-oxidant genes (NOX2 and ACOX). Furthermore, osthole inhibited the production of
inflammatory cytokines, reduced the metabolic activation of TMX, and promoted its clearance. We further revealed that osthole
elevated hepatic cAMP and cGMP levels, but inhibition of PKA or PKG failed to abolish the hepatoprotective effect of osthole.
Meanwhile, prominent phosphorylation of p38 was observed in liver in response to TMX, which was significantly inhibited by
osthole. Pretreatment with SB203580, a p38 inhibitor, significantly attenuated TMX-induced increase of ALT and AST activities,
reduced oxidative stress, and reversed the alterations of gene expression caused by TMX. Moreover, pretreatment with
L-buthionine sulfoximine (BSO), an inhibitor of GSH synthesis, partly reversed the effect of osthole on TMX-induced liver injury.
Consistently, pretreatment with N-acetyl-L-cysteine (NAC) significantly attenuated TMX-induced increase in ALT and AST activities.
Notably, both BSO and NAC had no detectable effect on the phosphorylation levels of p38. Collectively, our results suggest that
osthole prevents TMX hepatotoxicity by suppressing p38 activation and subsequently reducing TMX-induced oxidative damage.
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INTRODUCTION
Tamoxifen (TMX), 1-[4-(2-dimethyl-aminoethoxy) phenyl]-1,2-
diphenyl-1-butene), is a nonsteroidal antiestrogen drug that is
used to treat and prevent all stages of estrogen-dependent breast
cancer [1]. An adjuvant TMX treatment increases recurrence-free
survival and overall survival in patients with hormone receptor-
positive breast tumors, regardless of their nodal status, meno-
pausal status, or age [2]. With the widespread therapeutic and
emerging prophylactic use of TMX, side effects of the drug,
particularly its organ-specific toxicity, have been extensively
discussed. Cases of TMX-induced hepatotoxicity have been
described, including toxic hepatitis, massive hepatic steatosis,
multifocal hepatic fatty infiltration, submassive hepatic necrosis,
and even cirrhosis in humans [2].
The hepatotoxicity of TMX has been attributed to impaired

mitochondrial β-oxidation of fatty acids and the generation of
reactive oxygen species (ROS) [3–5]. TMX exerts multiple deleterious
effects on the mitochondria, including reducing the phosphorylation
efficiency, compromising the electron transfer along the electron
transport chain, and affecting mitochondrial membrane integrity [6].
These effects lead to mitochondrial dysfunction and a subsequent
increase in ROS production. Additionally, metabolic activation of TMX

also contributes to the overproduction of ROS. TMX is actually a pro-
drug that exerts its therapeutic effects after it has been transformed in
the liver by cytochrome P450 (CYP) enzymes [7]. ROS are produced
simultaneously during this process. TMX is detoxified via phase II
conjugation to nontoxic glucuronide metabolites [8].
Osthole (also known as osthol), 7-methoxy-8-(3-methyl-2-butenyl)-

2H-1-benzopyran-2-one, is a natural coumarin that was first isolated
from the Cnidium plant. High contents of osthole are present in the
mature fruit of Cnidium monnieri (Fructus Cnidii), which is commonly
applied in the clinical practice of traditional Chinese medicine [9, 10].
Osthole is also present in a wide range of other medicinal plants,
including Angelica, Archangelica, citrus, and Clausena. Osthole has
multiple functions, including anti-inflammatory, antitumor, antiapop-
tosis, antithrombosis, and antiaggregation activities [11]. The
hepatoprotective effect of osthole has been reported in several
studies. Osthole has been reported to suppress the secretion of
hepatitis B virus (HBV) in cell culture and prevent hepatitis in mice
induced by concanavalin A or an anti-Fas antibody [12–14]. Osthole
exerts therapeutic effects on both hyperlipidemic [15] and alcoholic
fatty liver [16], ameliorates hepatic fibrosis, inhibits hepatic stellate
cell activation [14], promotes antitumor immune responses [16–18],
and inhibits the growth of hepatocellular carcinoma [19]. Osthole
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also protects against liver damage in a rodent model of trauma-
induced hemorrhaging [20]. As shown in our recent study, osthole is
an effective treatment for acetaminophen (APAP)-induced liver injury
[21], a process that is mainly caused by overwhelming oxidative
stress [22]. However, the effect of osthole on TMX-induced
hepatotoxicity has not been assessed. In the present study, we
examined the effect of osthole on TMX-induced acute liver injury
and investigated the underlying mechanism.

MATERIALS AND METHODS
Animal husbandry and drug treatment
Seven-week-old male BALB/C mice used in this study were
purchased from the experimental animal center of Nanjing
Medical University (Nanjing, China). Mice were allowed free access
to drinking water and food, and were housed at room
temperature (25 °C) with an automatic 12-h light and 12-h dark
cycle. Osthole (purity > 98%) was purchased from MedChem
Express (Shanghai, China). Osthole was dissolved in a 1:9 (v/v)
mixture of Tween 80 and 0.9% sodium chloride and administered
intraperitoneally at the indicated doses (100mg/kg in most cases).
After 24 h, mice were intraperitoneally injected with a single
injection of TMX (Sigma, St Louis, USA, 90 mg/kg) dissolved in
saline. Mice were anesthetized with 60mg of sodium pentobarbi-
tal/kg body weight via an intraperitoneal injection at various time
points after the TMX or control injection. Serum was collected and
livers were harvested for further assays. In some experiments, after
pretreatment with osthole (100 mg/kg), H89 (N-[2-(p-bromocinna-
mylamino)ethyl]-5-isoquinolinesulfonamide dihydrochloride;
Sigma, USA, 10mg/kg), KT5823 (Sigma, USA, 25 mg/kg), or L-
buthionine sulfoximine (BSO, Sigma, USA, 1 g/kg) was adminis-
tered intraperitoneally 1 h prior to TMX. In certain experiments,
mice were injected with SB203580 (4-(4-fluorophenyl)-2-(4-
methylsulfinylphenyl)-5-(4-pyridyl)-1H-imidazole; Sigma, USA, 2
mg/kg) or N-acetyl-L-cysteine (NAC, Sigma, USA, 150mg/kg)
instead of osthole 1 h before the injection of TMX. All animal
protocols were pre-approved by the Animal Care and Use
Committee of Nanjing Medical University.

Chemical assays of serum and liver parameters
Enzymatic activities of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) in serum were estimated
spectrophotometrically using commercially available kits (Jian-
cheng Bioengineering, Nanjing, China). Serum malondialdehyde
(MDA) levels were measured using a colorimetric assay according
to the manufacturer’s instructions (Jiancheng Bioengineering,
Nanjing, China). Frozen liver tissues were thawed and homo-
genized in ice-cold PBS (phosphate-buffered saline) to determine
the contents of hydrogen peroxide (H2O2), reduced glutathione
(GSH), and lipid peroxide (LPO). The homogenate was centrifuged
at 900 × g for 10 min at 4 °C, and the supernatants were collected.
Levels of H2O2, GSH, and LPO were determined using commer-
cially available assay kits according to the manufacturer’s
instructions (Jiancheng Bioengineering, Nanjing, China).

Measurement of cAMP and cGMP concentrations
The concentrations of cAMP and cGMP were determined using
commercially available enzyme immunoassay kits (Elabscience,
Wuhan, China). Frozen liver tissues were thawed and homo-
genized in ice-cold PBS. After centrifugation at 900 × g for 10 min
at 4 °C, the supernatants were analyzed for cAMP and cGMP levels
according to the manufacturer’s instructions.

Histopathology
Liver tissues were fixed with 10% formalin and embedded in
paraffin for histological assessments. Samples were subsequently
sectioned (5 μm), stained with hematoxylin and eosin (H&E) and
examined under a microscope (Olympus, Japan).

Dihydroethidium (DHE) staining
After harvest, liver tissues were immediately embedded in
optimum cutting temperature (OCT) compound and frozen in
liquid nitrogen. Frozen tissue blocks were subsequently sectioned
(5 μm), stained with DHE (10 μmol/L; Beyotime, Shanghai China)
for 20min at 37 °C, and examined under a fluorescence
microscope (Olympus, Japan).

Western blotting
Liver tissues (100mg) were homogenized and lysed with RIPA
(radioimmunoprecipitation assay) buffer containing protease inhibi-
tors (Roche Diagnostics, Switzerland) for 15min on ice. After
centrifugation at 20,000 × g for 15min (4 °C), the protein concentra-
tions in the samples were determined using the Bradford method.
Proteins (50 μg per lane) were loaded onto SDS-polyacrylamide gels

Table 1. Primers used to detect gene expression at mRNA level

Gene name Primer sequences (5′–3′)

GPX1 F: CCAGGAGAATGGCAAGAATGA

R: TCTCACCATTCACTTCGCACTT

SOD2 F: TCCCAGACCTGCCTTACGACTAT

R: GGTGGCGTTGAGATTGTTCA

GCL-c F: GTTATGGCTTTGAGTGCTGCAT

R: ATCACTCCCCAGCGACAATC

G6pdh F: CTGGAACCGCATCATCGTGGAG

R: CCTGATGATCCCAAATTCATCAAAATAG

NOX2 F: GAAAACTCCTTGGGTCAGCACT

R: ATTTCGACACACTGGCAGCA

ACOX F: TCGAAGCCAGCGTTACGAG

R: GGTCTGCGATGCCAAATTCC

CYP3A11 F: ACCACCAGTAGCACACTTTC

R: CCAGGTATTCCATCTCCATCAC

CYP2E1 F: TGTGACTTTGGCCGACCTGTTC

R: CAACACACACGCGCTTTCCTGC

CYP2D6 F: CCGCCTTCGCTGACCATAC

R: CGATCACGTTACACACTGCTT

CYP4A10 F: CAACTTGCCCATGATCACACA

R: CATCCTGCAGCTGATCCTTTC

UGT1A1 F: CACCTGAAGCCTCAATACACAT

R: CAGTCCGTCCAAGTTCCACC

UGT1A6 F: GTTTCTCTTCCTAGTGCTTTGGG

R: CCTCGTTCACTGAGATGTTCTAC

UGT2B1 F: GTGCTGGTGTGGCCTACAG

R: CAGAAGATATGAGAACGGTGACG

SULT2A1 F: CCATCTTCCCATCCATCTCTTC

R: GAGTGACCCTGGATTCTTCAC

GSTM F: ATACTGGGATACTGGAACGTCC

R: AGTCAGGGTTGTAACAGAGCAT

IL-6 F: CTGCAAGAGACTTCCATCCAG

R: AGTGGTATAGACAGGTCTGTTGG

IL-1β F: TTCAGGCAGGCAGTATCACTC

R: GAAGGTCCACGGGAAAGACAC

MCP-1 F: ACTGAAGCCAGCTCTCTCTTCCTC

R: TTCCTTCTTGGGGTCAGCACAGAC

CXCL10 F: CCAAGTGCTGCCGTCATTTTC

R: GGCTCGCAGGGATGATTTCAA

TNFα F: CCAGGCGGTGCCTATGTCTC

R: CAGCCACTCCAGCTGCTCCT

GAPDH F: AGGTCGGTGTGAACGGATTTG

R: GGGGTCGTTGATGGCAACA
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and blotted onto methanol-activated PVDF membranes. Phospho-
Erk (Thr202/Tyr204, #9101), Erk (#9102), phospho-p38 (Thr180/
Tyr182, #9211), p38 (#9212), phospho-JNK (Thr183/Tyr185, #9251),
and JNK (#9252) antibodies were obtained from Cell Signaling
Technology. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(#G8795, Sigma) was used as an internal control. Enhanced
chemiluminescence was used to detect the signals according to
the manufacturer’s instructions (Amersham Biosciences, Boston,
USA).

Quantitative real-time PCR
Total cellular RNA was extracted using Trizol reagent (Takara,
Japan) according to the manufacturer’s instructions. The total RNA
(2 μg) was reverse transcribed using a PrimeScript RT Reagent Kit
(Takara, Japan). Real-time PCR was performed with Power SYBR
Green PCR Master Mix (Applied Biosystems) using an Applied
Biosystems 7500 Real-Time PCR System. The primer sequences are

listed in Table 1. The relative quantities of each mRNA were
determined using the comparative cycle threshold method and
normalized to the GAPDH mRNA.

Statistical analysis
Data are presented as the mean ± SEM. Statistical significance was
assessed using one-way analysis of variance and Scheffe’s test. In
all statistical comparisons, a P value < 0.05 was used to indicate a
statistically significant difference.

RESULTS
Osthole prevented TMX-induced liver injury
Several dosages of TMX was injected into mice to generate an
acute model of TMX-induced liver injury (Supplementary Figure
S1). Compared with the control, a single intraperitoneal injection
of 90 mg/kg TMX significantly increased serum ALT and AST

Fig. 1 Osthole reduced TMX-induced liver injury. a, b Mice were intraperitoneally injected with osthole (100mg/kg). After 24 h, TMX (90mg/
kg) was administered to mice. Mice were sacrificed at the indicated times after the TMX injection. Serum ALT and AST activities were
determined. Data are reported as the mean ± SEM, n= 4–5 mice per group. *P < 0.05, **P < 0.01 compared to 0 h, #P < 0.05, ##P < 0.01
compared to TMX, §P < 0.05 compared to 5 h, ¶¶P < 0.01 compared to 8 h. c, d Dose-dependent responses of serum ALT and AST activities in
mice to osthole 8 h after the TMX treatment. Data are presented as the mean ± SEM, n= 4–5 mice per group. *P < 0.05, **P < 0.01 compared to
the control, #P < 0.05, ##P < 0.01 compared to TMX. e Representative images of H&E-stained liver sections (×100 magnification)
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activities at 8 h after the injection. Therefore, the dose of 90 mg/
kg was used in subsequent studies. Mice treated with TMX
(90 mg/kg) exhibited apparent liver injury at 5, 8, and 20 h after
the TMX injection, as indicated by increased serum ALT and AST
activities (Fig. 1a, b). Pretreatment with osthole (100 mg/kg)
significantly attenuated the increased ALT and AST activities.
However, when osthole was administered simultaneously with or
after the TMX injection, no significant protective effects were
observed (data not shown). Osthole prevented TMX-induced
hepatotoxicity in a dose-dependent manner (Fig. 1c, d). Accord-
ing to the histopathological analysis, the plates of hepatocytes
became blurred in certain sections of the tissue 8 h after the TMX

treatment. Meanwhile, hepatic cells in certain areas swelled into
spherical shapes and fatty metamorphosis was observed.
Pretreatment with osthole significantly alleviated the morpholo-
gical changes in the liver induced by TMX (Fig. 1e). These results
indicated a significant beneficial effect of osthole on TMX-
induced hepatotoxicity.

Osthole alleviated TMX-induced oxidative stress
We detected the status of oxidative stress in all groups. Serum
levels of H2O2 and MDA were significantly reduced by osthole
compared with TMX alone (Fig. 2a, b). TMX dramatically depleted
GSH and markedly increased the GSSG-to-GSH ratio in serum,

Fig. 2 Osthole reduced TMX-induced oxidative stress. Mice were intraperitoneally injected with osthole (100mg/kg). After 24 h, TMX (90mg/
kg) was administered to mice. Mice were sacrificed 8 h after the TMX injection. Serum H2O2 (a), MDA (b), and GSH levels (c) and the GSSG-to-
GSH ratio (d) were determined. Hepatic levels of H2O2 (e), GSH (f), ROS (detected using DHE staining) (g), and lipid peroxides (h) were
examined. Data are presented as the mean ± SEM, n= 4–5 mice per group. **P < 0.01 compared to the control, #P < 0.05, ##P < 0.01 compared
to TMX
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while osthole significantly improved both parameters (Fig. 2c, d).
Similar effects of osthole were also observed on hepatic H2O2 and
GSH levels (Fig. 2e, f). Additionally, TMX induced an increase in
total ROS levels (superoxide levels were measured by DHE
staining) in the mouse liver, whereas this effect was significantly
alleviated by osthole (Fig. 2g). The hepatic levels of LPO, which
were enhanced by TMX, were also dramatically suppressed by
osthole (Fig. 2h).
As excessive ROS accumulate as a result of an imbalance

between the ROS generating and scavenging systems, we next
compared the mRNA levels of key genes involved in both
processes using real-time PCR. Osthole significantly increased the
expression of antioxidant genes glutathione peroxidase-1 (GPX1),
superoxide dismutase-2 (SOD2), γ-glutamylcysteine ligase catalytic
subunit (GCL-c), and glucose-6-phosphate dehydrogenase
(G6pdh) (Fig. 3a–d), but suppressed the expression of pro-
oxidant genes NADPH oxidase-2 (NOX2) and acyl-coenzyme A
oxidase (ACOX) (Fig. 3e, f). Thus, osthole inhibited TMX-induced
oxidative stress by reducing the formation and promoting the
clearance of ROS.

Osthole reduced the TMX-induced inflammatory response
TMX-induced liver injury is associated with sterile inflamma-
tion. We measured the hepatic levels of TNFα, IL-1β, IL-6, and
MCP-1 in mice 8 h after the TMX injection using real-time PCR
to assess the effect of osthole on inflammatory cytokine
production. Osthole significantly reduced the mRNA levels of
these cytokines compared with TMX alone (Fig. 4a–d). Hepatic
levels of the IL-1β and IL-6 proteins exhibited similar
alterations, as determined by ELISA (Fig. 4e, f). These findings
were consistent with the known anti-inflammatory activity of
this compound.

Osthole altered the activity of drug-metabolizing enzymes
TMX activates enzymes responsible for its own activation, or
conversely, suppresses the activity of enzymes responsible for its
detoxification [8]. TMX is predominantly transformed into several
metabolites by cytochrome P450-mediated pathways after oral
administration [7]. Phase II enzymes in the liver, such as UGTs or
SULTs, are known to be involved in the elimination and
detoxification of TMX [23, 24]. We first measured the expression

Fig. 3 Osthole significantly increased the expression of antioxidant genes (GPX1, SOD2, GCL-c, and G6pdh), but suppressed
the expression of pro-oxidant genes (NOX2 and ACOX). Mice were intraperitoneally injected with osthole (100 mg/kg). After 24 h, TMX
(90 mg/kg) was administered to mice. Mice were sacrificed 8 h after the TMX injection, and the mRNA levels in the liver were quantified
using real-time RT-PCR. Data are presented as the mean ± SEM, n= 4–5 mice per group. *P < 0.05, **P < 0.01 compared to the control,
#P < 0.05 compared to TMX
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of phase enzymes using real-time PCR to investigate the effect of
osthole on TMX metabolism. Osthole significantly inhibited the
TMX-induced increase in the expression of the CYP2D6, CYP2E1,
CYP3A11, and CYP4A10 genes (Fig. 5a–d). Among phase II
enzymes, the expression of UGT1A1, UGT1A6, UGT2B1, SULT2A1,
and GSTM was increased in osthole-pretreated mice compared
with mice treated with TMX alone (Fig. 5e–i). Similar alterations
were also detected in levels of the UGT1A1 and SULT2A1 proteins
by western blotting (Supplementary Figure S2). Based on these
findings, osthole reduced TMX hepatotoxicity by inhibiting its
metabolic activation and promoting its clearance.

The protective effects of osthole on TMX-induced hepatotoxicity
were independent of the cAMP/PKA and cGMP/PKG pathways
Based on accumulating evidence, osthole induces nonspecific
increases in intracellular and tissue cAMP and cGMP levels by
inhibiting phosphodiesterases (PDEs) [25, 26]. We therefore
determined cAMP and cGMP levels in the mouse liver. Prominent
reductions in cAMP and cGMP levels were observed 8 h after the
TMX treatment. Osthole significantly restored hepatic cAMP
and cGMP levels compared with TMX alone (Fig. 6a, b). cAMP
and cGMP mainly work by activating protein kinase A (PKA) and
protein kinase G (PKG), respectively. Therefore, the PKA-selective
inhibitor H89 or PKG-selective inhibitor KT5823 was used to

determine whether the hepatoprotective effect of osthole was
mediated by the cAMP/PKA or cGMP/PKG pathways. The H89 or
KT5823 pretreatment failed to abolish osthole-induced reductions
in ALT and AST activities (Fig. 6c–f). Meanwhile, the effects of
osthole on the TMX-induced alterations in the expression of genes
involved in oxidative stress, inflammation, and metabolism were
not reversed by H89 (Fig. 6g–i). Similar results were obtained with
KT5823 (data not shown). Thus, the protective effects of osthole
on TMX-induced injury were independent of the cAMP/PKA and
cGMP/PKG pathways.

Osthole attenuated TMX-induced liver injury by decreasing p38
phosphorylation
We examined the levels of phosphorylated MAPK in the mouse
liver. Compared with the control, prominent phosphorylation
of p38 was observed in mice 8 h after the TMX treatment.
Osthole significantly inhibited TMX-induced p38 activation
(Fig. 7a, b). No detectable changes were observed in the levels
of phosphorylated Erk and JNK (Fig. 7a, c, d). Mice were
injected with the p38 inhibitor SB203580 1 h before the TMX
injection to explore the role of p38 inhibition in the
protective effects of osthole on TMX-induced hepatotoxicity.
SB203580 significantly attenuated the TMX-induced increase
in ALT and AST activities (Fig. 7e, f). Meanwhile,

Fig. 4 Osthole reduced the TMX-induced inflammatory response. Mice were intraperitoneally injected with osthole (100mg/kg). After 24 h,
TMX (90 mg/kg) was administered to mice. Mice were sacrificed 8 h after the TMX injections. a–d The levels of inflammation-related mRNAs in
the liver were quantified using real-time RT-PCR. e, f Hepatic IL-1β and IL-6 levels were detected using ELISAs. Data are presented as the mean
± SEM, n= 4–5 mice per group. *P < 0.05, **P < 0.01 compared to the control, #P < 0.05, ##P < 0.01 compared to TMX

Osthole prevents tamoxifen-induced liver injury in mice
WB Zhou et al.

613

Acta Pharmacologica Sinica (2019) 40:608 – 619



SB203580 significantly alleviated TMX-induced oxidative stress,
as manifested by reduced hepatic levels of H2O2 (Fig. 7g) and
MDA (Fig. 7h), and the recovery of GSH levels (Fig. 7i)
compared with TMX alone. Consistent with these findings,
SB203580 exerted similar effects on the serum levels of H2O2,
GSH, and GSSG-to-GSH ratio (Supplementary Figure S3). Real-
time PCR revealed that SB203580 altered the TMX-induced
changes in the expression of genes involved in oxidative stress,
inflammation, and metabolism to a similar extent as osthole
(Fig. 8). Based on these results, the protective effects of osthole
on TMX-induced hepatotoxicity are mediated by a decrease in
P38 phosphorylation.

Osthole protected against TMX-induced hepatotoxicity through its
antioxidant effects
Mice that had been pretreated with osthole were intraperitoneally
injected with L-buthionine sulfoximine (BSO), an inhibitor of GSH
synthesis, 1 h prior to the administration of TMX to determine
whether the antioxidant activity of osthole was responsible for its
protective effects on TMX-induced liver injury. We found that BSO
partially reversed the osthole-induced reduction in ALT and AST
activities (Fig. 9a, b). Consistent with these findings, NAC, a GSH

precursor, significantly attenuated TMX-induced increases in ALT
and AST activities (Fig. 9c, d). Real-time PCR showed that the
effects of osthole on the expression of genes involved in oxidative
stress, inflammation, and metabolism were reversed by the BSO
treatment (Fig. 9e–g). These results confirmed that the hepato-
protective effects of osthole were partially mediated by its
antioxidant activity. Notably, the BSO treatment did not affect
osthole-induced suppression of p38 activation (Fig. 9h, i). Mean-
while, NAC did no exert a detectable effect on TMX-induced
phosphorylation of p38 (Fig. 9j, k). Combined with the findings
that the p38 inhibitor SB203580 significantly alleviated TMX-
induced oxidative stress, we conclude that p38 activation
mediates oxidative stress during TMX-induced hepatotoxicity.
The antioxidant activity of osthole is at least in partially mediated
by its inhibitory effect on p38 activation.

DISCUSSION
TMX is viewed as a highly effective anticancer endocrinotherapy;
however, its various side effects must be considered [2]. Among
these side effects, hepatic injury or even hepatocarcinoma (which
has only been reported in rats) [4] are some of the most severe

Fig. 5 Osthole altered the activities of metabolizing enzymes. a-i Mice were intraperitoneally injected with osthole (100mg/kg). After 24 h,
TMX (90 mg/kg) was administered to mice. Mice were sacrificed 8 h after the TMX injection, and the mRNA levels of genes involved in
the metabolism of TMX in the liver were quantified using real-time RT-PCR. Data are presented as the mean ± SEM, n= 4–5 mice per group.
*P < 0.05, **P < 0.01 compared to the control, #P < 0.05, ##P < 0.01 compared to TMX
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side effects, which hinders its long-term use. In the present study,
a pretreatment with osthole significantly prevented the TMX-
induced increases in serum ALT and AST activities. Osthole
inhibited TMX-induced hepatic GSH depletion and ROS accumula-
tion. Consistent with these findings, osthole significantly increased
the expression of antioxidant genes, but suppressed the expres-
sion of pro-oxidant genes. Osthole reduced inflammatory cytokine
production, suppressed the metabolic activation of TMX, and
promoted TMX clearance. Additionally, osthole ameliorated the
histopathological changes caused by TMX. Therefore, osthole is an
effective treatment that protects against TMX-induced acute liver
injury.
Although TMX-induced hepatotoxicity has been attributed to

oxidative stress caused by its direct actions or generated during its
metabolism in the liver [3], the underlying signaling pathways
remain unknown. In the present study, we showed prominent
activation of p38 MAPK by TMX. Inhibition of p38 with
SB203580 significantly attenuated TMX-induced increases in ALT
and AST activities, reduced oxidative stress, and reversed the TMX-
induce alterations in gene expressions. In contrast, NAC, a GSH
precursor that significantly attenuates TMX-induced liver damage,
did not exert a detectable effect on the levels of phosphorylated
p38. Based on these findings indicate, activated p38 mediates
TMX-induced oxidative stress and hepatotoxicity. Moreover in
TMX-induced hepatotoxicity, increased oxidative stress is not the
cause of p38 activation, but is a consequence. Currently, the
mechanism by which TMX activates p38 remains unknown.

Studies aiming to identify the factors responsible for activating
p38 in TMX-induced hepatotoxicity will be potentially important
for the treatment of this disease.
In the present study, osthole significantly inhibited the TMX-

induced activation of p38. As shown in our previous report,
osthole attenuates p38 phosphorylation in mouse peritoneal
macrophages and Raw264.7 cells [27]. The effects of osthole on
MAPK activation were also investigated in several other studies.
In prostate cancer cells and HepG2 cells, osthole attenuates
metastasis or inflammatory responses by inhibiting phosphor-
ylation of Erk, JNK, and p38 [28, 29]. In contrast, osthole
alleviates hepatic injury after trauma-induced hemorrhaging by
increasing p38 activation [20]. These contradictory findings
suggest that the effects of osthole on MAPK activation are
complicated and are closely related to the cellular context and
the type of stimulus. The phosphorylation levels of upstream
kinases should be investigated to understand the mechanism
underlying the suppressive effects of osthole on TMX-induced
p38 activation.
In TMX-induced hepatotoxicity, liver injury is associated with

sterile inflammatory responses, as evidenced by increased
expression of inflammatory cytokines. Osthole exerts its anti-
inflammatory function by increasing intracellular and tissue cAMP
and/or cGMP levels via the inhibition of PDEs [25, 26]. In the
current study, osthole significantly restored hepatic cAMP and
cGMP levels compared with TMX alone. However, inhibition of
PKA or PKG did not alter the protective effects of osthole on TMX-

Fig. 6 The protective effects of osthole on TMX-induced hepatotoxicity were independent of the cAMP/PKA and cGMP/PKG pathways.
a, b Mice were intraperitoneally injected with osthole (100mg/kg). After 24 h, TMX (90mg/kg) was administered to mice. Mice were sacrificed
8 h after the TMX injection. Hepatic cAMP and cGMP levels were determined. c, d H89 (10 mg/kg) was intraperitoneally injected into mice 1 h
prior to the TMX injection. Serum ALT and AST activities were measured 8 h after the TMX injection. e, f KT5823 (25mg/kg) was
intraperitoneally injected into mice 1 h prior to the TMX injection. Serum ALT and AST activities were measured 8 h after the TMX injection.
g–i Hepatic mRNA levels of genes involved in oxidative stress, inflammation, and metabolism were quantified using real-time RT-PCR at 8 h
after the TMX injection. Data are presented as the mean ± SEM, n= 4–6 mice per group. *P < 0.05, **P < 0.01 compared to the control,
#P < 0.05, ##P < 0.01 compared to TMX
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Fig. 7 Osthole attenuated TMX-induced liver injury by inhibiting P38 phosphorylation. aMice were intraperitoneally injected with osthole (100mg/kg).
After 24 h, TMX (90mg/kg) was administered to mice. Mice were sacrificed 8 h after the TMX injections. Western blot analyses of the liver homogenates
were performed. b–d Quantitation of the data shown in a. e–i Mice were injected with the p38 inhibitor SB203580 (2mg/kg) 1 h before the TMX
injection. Serum ALT and AST activities were measured 8h after the TMX injection (e, f). Hepatic H2O2 (g), MDA (h), and GSH (i) levels were measured.
Data are reported as the mean± SEM, n= 4–6 mice per group. *P< 0.05, **P<0.01 compared to the control, #P<0.05, ##P< 0.01 compared to TMX

Fig. 8 Effects of SB203580 on TMX-induced changes in hepatic gene expression. Mice were injected with the p38 inhibitor SB203580 (2mg/kg) 1h before the
TMX injection. ThemRNA levels of genes involved in oxidative stress (a), inflammation (b), andmetabolism (c) were quantified using real-time RT-PCR 8h after the
TMX injection. Data are reported as themean±SEM, n=4–6mice per group. *P<0.05, **P<0.01 compared to the control, #P<0.05, ##P<0.01 compared to TMX
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Fig. 9 The hepatoprotective effect of osthole was mediated by its antioxidant activity. a, b Mice were intraperitoneally injected with osthole
(100mg/kg). After 24 h, BSO (1 g/kg) was intraperitoneally injected into mice 1 h prior to the TMX injection. Serum ALT and AST activities were
measured 8 h after the TMX injection. c, dMice were injected with NAC (150mg/kg) 1 h before the TMX injection. Serum ALT and AST activities
were measured 8 h after the TMX injection. e–g Mice were intraperitoneally injected with osthole (100mg/kg). After 24 h, BSO (1 g/kg) was
intraperitoneally injected into 1 h prior to the TMX injection. Hepatic mRNA levels of genes involved in oxidative stress, inflammation, and
metabolism were quantified using real-time RT-PCR 8 h after the TMX injection. h–k Livers were collected from the mice treated as described
above. Western blot analysis and quantification were performed. Data are presented as the mean ± SEM, n= 4–6 mice per group. *P < 0.05,
**P < 0.01 compared to the control, #P < 0.05, ##P < 0.01 compared to TMX, §§P < 0.01 compared to TMX plus osthole, §P < 0.05 compared to
TMX plus osthole
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induced hepatotoxicity. Meanwhile, PKA inhibition did not alter
the suppressive effect of osthole on p38 phosphorylation
(Supplementary Figure S4). Therefore, the protective effects of
osthole on TMX-induced hepatotoxicity are not mediated by its
anti-inflammatory activity. Additionally, our findings also provide
evidence refuting a role for inflammation in TMX-induced injury,
although we were not able to exclude the possibility that some
inflammatory mediators or intracellular signaling pathways may
have directly affected the injury process. In the present study,
osthole reduced the TMX-induced inflammatory response. This
change may be a direct effect of osthole since it significantly
restored hepatic cAMP and cGMP levels compared with TMX
alone. Meanwhile, because elevated oxidative stress may lead to
inflammation, osthole may also suppress inflammation by
reducing TMX-induced ROS production.
As shown in our previous report using mouse peritoneal

macrophages, the inhibitory effects of osthole on LPS-stimulated
expression of cytokines such as IL-1β, IL-6, COX2, and MCP-1 were
completely reversed by PKA inhibitors [14]. In contrast, in our
current study, inhibition of p38, but not PKA or PKG, mediated the
protective effects of osthole on TMX-induced hepatotoxicity.
Therefore, the anti-inflammatory and antioxidant effects of
osthole are mediated by different pathways. PKA or PKG is
involved in its anti-inflammatory function, while p38 is involved in
its antioxidant effect.
Since metabolic transformation of TMX into electrophilic

intermediates by cytochrome P450 in the liver results in the
overproduction of ROS, the metabolism and elimination of TMX
are partially responsible for the subsequent oxidative liver
damage. Notably, the BSO treatment affected the expression of
phase I and II enzymes. In fact, the cellular redox status has been

shown to regulate the induction of UGTs [30] and CYPs [31].
Therefore, we speculate that the alterations in TMX-metabolizing
enzymes induced by osthole were related to the antioxidant
properties of this compound.
Osthole failed to attenuate TMX-induced death of isolated

primary mouse hepatocytes (data not shown). Consistent with this
finding, osthole did not exert beneficial effects on APAP-induced cell
injury in vitro [21]. In contrast, osthole displays anti-inflammatory
activities both in vivo and in vitro [27]. Currently, researchers have
not determine why osthole only exerts its antioxidant effects in vivo.
Further studies are needed to clarify this issue.

CONCLUSIONS
In this study, the protective effects of osthole on TMX-induced
hepatotoxicity in mice were evaluated. By activating p38, TMX
increases the expression of pro-oxidant genes and reduces the
expression of antioxidant genes, leading to ROS accumulation.
Oxidative stress increases the production of inflammatory
cytokines, activates enzymes responsible for TMX activation, and
suppresses enzymes responsible for its detoxification, all of which
lead to liver injury. An osthole pretreatment suppresses TMX-
induced p38 activation, inhibits ROS accumulation, and thereby
reduces liver injury caused by TMX (Fig. 10). Osthole should be
considered a potential natural resource to develop hepatoprotec-
tive agents targeting TMX-induced hepatotoxicity.
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